Distinct enzyme activities were found in extracts from Stenotrophomonas maltophilia showing dye-linked oxidation of polypropylene glycols. The activities were induced when polypropylene glycols served as sole carbon and energy sources for the bacterium. In the logarithmic phase, most of the enzyme activities (88%) were found in the cytoplasm. In the stationary phase, more than half of the activities (54%) were found on the membrane, but signiˆcant activities were also distributed in the periplasm (34%) and the cytoplasm (12%). The enzyme activities diŠered from each other in their localization, time of induction in the growth cycle, speciˆcity toward electron acceptor, and electrophoresis mobility.
Polypropylene glycol (PPG) (HO[CH(CH3)CH2O]nH) is a synthetic polymer consisting of 1,2-propane oxide, which includes structural isomers derived from primary and secondary alcohols, and has various optical isomers due to asymmetric carbon. PPG has straight or branched chain structures (diol and triol types, respectively). It is widely used as a raw material for production of surfactants, polyurethane, cosmetics, and medicines. The production of these compounds or materials is still increasing, while the out‰ow to the environment is also increasing, so they may cause some serious problems in the environment in the near future. Accordingly, the biodegradation of these products must be immediately resolved to protect the environment.
It is known that various bacteria, Sphingomonas terrae, Rhizobium sp., Sphingomonas macrogoltabidus, Rhodopseudomonas acidophila, Pseudomonas sp. VM15C, Pseudomonas sp. 113P3, Alcaligenes faecalis KK314, and Pseudomonas stutzeri are able to degrade such polymers, and the metabolic pathways of polyethylene glycol (PEG) and polyvinyl alcohol (PVA) have been described. [1] [2] [3] [4] [5] [6] 16) Although Kawai et al. 7, 8) reported the biodegradation of PPG by Corynebacterium sp. and PPG dehydrogenase activity coupled with 2,6-dichloroindophenol in the cell-free extracts of this strain, its properties have been little investigated. In this paper, we report heterogeneity of dehydrogenases showing dye-linked activity that appeared during the growth on PPG of an organism that was reidentiˆed as Stenotrophomonas maltophilia.
Materials and Methods
Microorganism. The PPG-using bacterium strain No. 7 was formerly identiˆed as Corynebacterium sp. 7) However, the strain was reidentiˆed as Stenotrophomonas maltophilia based on the 99.8z 16S rRNA sequence identity in the taxonomical conrmation by MIDI Labs (DE, USA). The strain was previously reported to be Gram-positive, but it was found to be Gram-negative on reexamination of the strain by Gram staining, 9) using Escherichia coli and Bacillus subtilis as standard Gram-negative and positive strains. The result was also supported by the distribution of signiˆcant amounts of proteins in the periplasmic fraction, as shown in Results and Discussion. 10) Carbon sources (0.7z each) were added as the sole source of carbon to the basal medium for the induction of PPG dehydrogenase activity. Nutrient broth was prepared by dissolving 8 g of nutrient broth powder (Difco Bacto nutrient broth) in 1 liter of deionized water and the pH adjusted to 7.2. The nutrient broth was supplemented with 1 ml each of the above mineral solutions. The bacterium was cultivated at 309 C in a 500-ml ‰ask containing 150 ml of medium with reciprocal shaking. Cells were harvested by centrifugation, washed twice with physiological saline, and stored at "209 C until use.
Preparation of the cell-free extracts and cell fractions by osmotic shock. The cell paste was suspended in 50 mM Tris-HCl buŠer (pH 8.0), passed twice through a French pressure cell at 20,000 psi, and centrifuged at 10,000×g to remove cell debris. The resultant supernatant was used as the cell-free extract.
To examine the localization of enzyme activity, cell fractions were prepared by the osmotic shock method of Anraku and Heppel.
11) The washed cells (1 g, wet weight) with 10 ml of 0.33 M Tris-HCl buŠer (pH 8.0) containing 20z (w W v) sucrose and 1 mM EDTA, were gently stirred for 10 min at room temperature to cause plasmolysis. The resultant mixture was centrifuged at 12,000×g at room temperature to obtain the plasmolysis cells. The supernatant was designated as the sucrose-EDTA fraction. The plasmolyzed cells were resuspended in 10 ml of cold water containing 0.5 mM MgCl2 and gently stirred for 10 min on ice to extract periplasmic protein. The mixture was centrifuged at 12,000×g at 49 C to remove the osmotically shocked cells. The resultant supernatant was used as the cold-water fraction. The osmotically shocked cells were suspended in 2 ml of 50 mM TrisHCl buŠer (pH 8.0), passed twice through a French pressure cell at 20,000 psi, and ultracentrifuged at 100,000×g for 90 min. The resultant supernatant and precipitate were used as the cytoplasmic and membrane fractions, respectively. The sucrose-ED-TA and the cold-water fractions were combined and used as the periplasmic fraction. The membrane fraction was suspended in 50 mM Tris-HCl buŠer (pH 8.0) with 1z (w W v) n-dodecyl-b-D-maltoside added, and stirred for 1 h on ice. Then the suspension was centrifuged at 100,000×g for 90 min. The resultant supernatant was used for the enzyme assay and native-PAGE.
Enzyme and protein assays. The PPG dehydrogenase activity was measured at 309 C by measuring the initial rate of 2,6-dichloroindophenol (DCIP) (e＝16,100 M "1 cm "1 ) reduction at 600 nm coupled with phenazine methosulfate (PMS). The reaction mixture consisted of 0.1 M Tris-HCl buŠer (pH 8.0), 1 mM KCN, 2 mM CaCl2, 0.1 mM DCIP, 0.1 mM PMS, 10 mM PPG (diol type) 700, and the enzyme solution in a total volume of 1 ml. The absorbance change with various electron acceptors was measured at 340 nm for NAD (e＝6,200 M "1 cm "1 ), 420 nm for potassium ferricyanide (ferricyanide) (e＝1,010 M "1 cm "1 ), 550 nm for cytochrome c (e＝ 29,500 M "1 cm "1 ), 565 nm for nitroblue tetrazolium (NBT) (e＝13,100 M "1 cm "1 ) or 570 nm for 3-(4,5-dimethylthiazolyl-2-)-2,5-diphenyl tetrazolium bromide (MTT) (e＝6,410 M "1 cm "1 ). Glucose-6-phosphate dehydrogenase as a marker enzyme in the cytoplasm was assayed by the method of Bergmeyer et al.
12) The assay mixture consisted of 86 mM Tris-HCl buŠer (pH 7.6), 6.9 mM MgCl2, 1 mM glucose-6-phosphate, 0.39 mM NADP + , and the enzyme solution in a total volume of 1 ml. The rate of reduction of NADP + was measured at 309 C from the increase in absorbance at 340 nm.
The protein concentration was measured with the micro BCA protein assay kit (Pierce Chemical) with bovine serum albumin as the standard. The amount of PPG in the medium and that in each fraction of the cells were measured by the method of Kawai et al., 7) modiˆed from the method of Brown and Hayes. 13) Polyacrylamide gel electrophoresis and activity staining. Polyacrylamide gel electrophoresis (PAGE) was done by the method of Davis 14) in the absence of sodium dodecyl sulfate (native-PAGE). Samples were put on the gel (10z) contained 0.1z n-dodecylb-D-maltoside to avoid aggregation of membrane proteins. Tris-glycine buŠer (5 mM, pH 8.3) was used as the electrode buŠer. After electrophoresis at 59 C, the PPG dehydrogenase activity on the gel was made visible by shaking at 309 C for 10 min in a reaction mixture containing MTT and PMS with or without NAD.
Results and Discussion
Induction of the PPG dehydrogenase activity The eŠects of carbon sources on the enzyme activity are shown in Table 1 . The enzyme activity was induced only by using PPGs as sole carbon and energy sources for the bacterium. The greatest extent of enzyme activity and the maximal cell growth were observed with PPG 2000. Slight induction was observed with PPG (triol type) 3000. No activity was found in the cells grown on the basal medium containing glucose or on nutrient broth.
Formation and cellular localization of the PPG dehydrogenase activity
Bacterial growth and the enzyme production in the cell-free extracts are shown in Fig. 1 . The cells grew rapidly within theˆrst three days, subsequently they gradually grew. The amount of PPG in the medium rapidly decreased to 30z within theˆrst three days. Two peaks of PPG dehydrogenase activity were observed during the cell cultivation: theˆrst (peak I) ap- Cells were cultivated at 309 C for 7 days in a 500-ml shaking ‰ask containing 150 ml of the basal medium with glucose or another carbon source, as indicated.
PPG dehydrogenase activity in the cell-free extracts was measured as described in the text. Fig. 1 . Formation of the PPG Dehydrogenase.
The organism was grown on 2 liters of basal medium containing PPG 2000 (diol) as the sole source of carbon in a 2.5-liter microfermenter at 309 C for 10 days with aeration (1.8 liter per min) and agitation (300 rpm). Samples (50-100 ml of culture) were withdrawn at intervals of 24 h, and PPG in the medium was measured by the method described in the text. PPG dehydrogenase activities were assayed with the cell-free extracts. , PPG dehydrogenase activity; , Residual PPG; -, Cell growth. 
* The total activity of the cell-free extract was deˆned as 100.
peared during the logarithmic phase (around 36 h of cultivation) and the second (peak II) showed that the highest enzyme activity occurred during the stationary phase (after 7 days of cultivation). The cellular localization of the enzyme activity in peaks I (cells of 36-h cultivation) and II (cells of 7-day cultivation) were compared. As shown in Table 2 , most of the enzyme activity (88z) in peak I was found in the cytoplasmic fraction, and the remaining 10z and 2z of the enzyme activity were found in the periplasmic and the membrane fractions, respectively. On the other hand, half of the enzyme activity (54z) in peak II was found in the membrane fraction, and the remaining 34z and 12z of the enzyme activity were found in the periplasmic and the cytoplasmic fractions, respectively. Glucose-6-phosphate dehydrogenase activity used for a marker enzyme in the cytoplasm could not be detected in either periplasmic or membrane fraction in peaks I and II.
Although PPG in the culture supernatant was rapidly lost within theˆrst three days, only approximately 30z being found, droplets of PPG were found in the sucrose-EDTA fraction by the osmotic shock methods. The cellular localization of PPG was also examined. In the cells of peak I, most of PPG (88z) was detected in the periplasmic fraction, and the remaining 11z of PPG was distributed in the cytoplasmic fraction. Even in the cells of peak II, most of PPG (77z) was detected in the periplasmic fraction, and the remaining 21z of PPG was distributed in the cytoplasmic fraction. As PPG dehydrogenase activity of peak II was induced in the late logarithmic phase or the early stationary phase to be higher than that of peak I, which was induced in the early logarithmic phase, the low molecularweight PPG, components of PPG 2000 or depolymerized from PPG 2000, might be metabolized by the cytoplasmic PPG dehydrogenase in peak I and the residual high molecular-weight PPG might be metabolized by the periplasmic and membrane PPG dehydrogenases in peak II. The heterogeneity of PPG dehydrogenases strongly suggests their diŠer-ent roles in the metabolism of PPG by the bacterium.
Electron acceptors of PPG dehydrogenases
The eŠects of various electron acceptors on the enzyme activities are shown in Table 3 . Ferricyanide was markedly reduced by the enzymes of peaks I and II in the periplasm but not by the enzymes of the membrane or the cytoplasm. The enzymes of peak I in the periplasm reacted readily with various electron acceptors such as DCIP, MTT, NBT and cytochrome c in the presence of PMS, and also with NAD. The enzymes of peak II in the periplasm also reacted with various electron acceptors, however, these activities, except that of for DCIP, decreased in the presence of PMS. In the membrane fraction, the enzymes of peak II reduced DCIP, MTT, NBT, and cytochrome DCIP  0  0  32  524  841  47  DCIP+PMS  81  702  16  1115  713  248  MTT  76  3798  0  190  0  7  MTT+PMS  458  2036  54  1873  107  2252  NBT  68  1060  0  0  0  0  NBT+PMS  112  534  13  89  0  79  Ferricyanide  1049  9477  0  0  0  47  Ferricyanide+PMS  484  3447  0  0  0  0  Cytochrome c  14  351  0  0  0  0  Cytochrome c+PMS  210  323  26  1416  0  0  NAD  184  1123  15  7504 3800  357 DCIP, 2,6-dichloroindophenol; PMS, phenazine methosulfate; MTT, 3-(4,5-dimethylthiazolyl-2-)-2,5-diphenyl tetrazolium bromide; NBT, nitroblue tetrazolium; and ferricyanide, potassium ferricyanide. The enzyme activities were measured by the standard assay method in the text. The relative activity in each fraction was given to 100 for PPG (diol) 700. I, peak I; II, peak II; A, periplasmic fraction; B, membrane fraction; C, cytoplasmic fraction. Column 1, PPG (diol) 400; 2, PPG (diol) 700; 3, PPG (diol) 1000; 4, PPG (diol) 2000; 5, PPG (diol) 3000.
c in the presence of PMS, and also with NAD. In the cytoplasmic fraction, the enzymes of peaks I and II reduced DCIP, MTT, or NBT in the presence of PMS; further, both enzymes also reacted with NAD.
EŠects of various PPGs on the PPG dehydrogenase activities
The eŠects of various PPGs on the enzyme activities are shown in Fig. 2 . The enzyme catalyzed the oxidation of various PPGs, and the relative activity was given taking that for PPG (diol) 700 in each fraction as 100. High activities of the periplasmic enzymes of peaks I and II were found for PPG 1000 and PPG 2000, respectively (Fig. 2(A) ). PPG 3000 was the best substrate for the membrane enzymes of peak II (Fig. 2(B) ). On the other hand, PPG 400 and PPG 700 were good substrates for the cytoplasmic enzymes of peaks I and II ( Fig. 2(C) ). From these results, it is considered that the dehydrogenases in the periplasmic and on the cytoplasmic membrane surface might metabolize the oxidation of highmolecular-weight PPG, while low-molecular-weight PPG might be metabolized by the cytoplasmic enzymes in the cells.
Electrophoresis behaviors of PPG dehydrogenases
Activity staining of the enzymes on native-PAGE was done (Fig. 3) . Dye-linked PPG dehydrogenases are shown in Fig. 3(A) . Only one broad band was observed in the periplasmic fraction of peaks I and II, and both bands showed approximately the same migration (I-a and II-a). Two bands found in the membrane fraction of peaks I and II had similar mobility (I-b and II-b), although the bottom one of peak II was faint (II-b). The bands in the cytoplasmic fraction of peaks I and II also showed similar mobility (I-c and II-c), but the top one of peak I was sharp compared with that of peak II. Thus, the top band of peak II may be slightly contaminated by the membrane enzyme, and this might in‰uence the cytoplasmic enzyme activity toward PPG 3000. The top bands in the periplasmic and cytoplasmic fractions showed approximately the same migration, however, those in membrane fractions had diŠerent migration. NAD-dependent PPG dehydrogenases are also shown in Fig. 3(B) . Two active bands were found in the membrane and cytoplasmic fractions in peaks I and II, while bands derived from these enzymes could not be detected in the periplasmic fraction in peaks I and II. Along with the absence of glucose-6-phosphate dehydrogenase, the electrophoretic behaviors indicated that the periplasmic fractions of peaks I and II were not seriously contaminated with cytoplasmic enzymes. These observations show that the enzymes of peaks I and II diŠer in their localization, speciˆcities toward various electron acceptors, reaction toward various PPGs, and mobilities on native-PAGE, that is, PPG incorporated into the cells was metabolized by the heterogeneous dehydrogenases either dye-linked or NAD-dependent dehydrogenases in diŠerent cellular sites.
PVA is metabolized by membrane-bound PVA oxidase and PQQ-dependent PVA dehydrogenase linked respiratory chain 3, 15) and PEG is oxidized by PEG dehydrogenase in the periplasmic space. 16) These reports suggest that polymers are incorporated into the periplasmic space to be metabolized there. In fact, most of the PPG contents incorporated into the cells of S. maltophilia were found in the periplasmic space and dye-linked PPG dehydrogenases with highly reactivity toward high-molecular weight PPG were localized in the periplasm or membrane fraction in the stationary phase cells. These results suggest that the high-molecular weight PPG should be mainly oxidized in the periplasmic space in the stationary phase cells. On the other hand, in the logarithmic phase, dye-linked PPG dehydrogenases with highly reactivity toward low-molecular-weight PPG were mainly found in the cytoplasm, and NAD-dependent dehydrogenases with reactivity toward PPG 400, PPG 700, and PPG 1000 were also in the cytoplasm (data not shown). From these results, the enzymes in the cytoplasm induced at the early logarithmic phase might play a role in oxidation of the low-molecularweight PPGs that are included in PPG 2000 or depolymerized from PPG 2000 by the enzymes in the periplasmic space, and obtaining growth energy for the bacterium.
In conclusion, the important enzymes for the metabolism of high-molecular-weight PPG are at least two diŠerent dye-linked dehydrogenases induced in the periplasm or membrane of the stationary phase cells, furthermore, for the metabolism of low-molecular-weight PPG are at least one each of dye-linked and NAD-dependent dehydrogenases induced in the cytoplasm of the early logarithmic phase cells. However, as PPG includes various optical and structural isomers, the speciˆcities of the heterogeneous dye-linked or NAD-dependent enzymes toward these isomers remains for further study.
